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Abstract
The subthalamic nucleus (STN) serves important functions in regulating movement, cognition,
and motivation and is connected with cortical and basal ganglia circuits that process reward and
reinforcement. In order to further examine the role of the STN on motivation toward food in non-
deprived rats, these experiments studied the effects of pharmacological inhibition or μ-opioid
receptor stimulation of the STN on the 2-hr intake of a sweetened fat diet, the amount of work
exerted to earn sucrose on a progressive ratio 2 (PR-2) schedule of reinforcement, and
performance on a differential reinforcement of low-rate responding (DRL) schedule for sucrose
reward. Separate behavioral groups (N = 6–9) were tested following bilateral inhibition of the
STN with the GABAA receptor agonist muscimol (at 0–5 ng/0.5 μl/side) or following μ-opioid
receptor stimulation with the agonist D-Ala2, N-MePhe4, Gly-ol-enkephalin (DAMGO; at 0, 0.025
or 0.25 μg/0.5 μl/side). Although STN inhibition increased ambulatory behavior during 2-hr
feeding sessions, it did not significantly alter intake of the sweetened fat diet. STN inhibition also
did not affect the breakpoint for sucrose pellets during a 1-hr PR-2 reinforcement schedule or
impact the number of reinforcers earned on a 1-hr DRL-20 sec reinforcement schedule in non-
deprived rats. In contrast, STN μ-opioid receptor stimulation significantly increased feeding on the
palatable diet and reduced the reinforcers earned on a DRL-20 schedule, although DAMGO
microinfusions had no effect on PR-2 performance. These data suggest that STN inhibition does
not enhance incentive motivation for food in the absence of food restriction and that STN μ-opioid
receptors play an important and unique role in motivational processes.
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1. Introduction
The subthalamic nucleus (STN) is a central node of basal ganglia circuitry that has garnered
much attention for its role in Parkinson’s disease. Neural activity within the STN increases
following the death of the midbrain dopaminergic neurons that causes the movement
disorder (for reviews of STN function in human and animal models of Parkinson’s disease,
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see [1, 2]). Deep brain stimulation of the STN (which is thought to functionally inhibit STN
output) reduces the motor symptoms of Parkinson’s disease patients, often substantially
improving function for as long as five years [3]. Although initially viewed as an exclusively
motor-related structure, converging evidence from both animal and human studies suggests
that the STN also regulates cognitive and motivational functions. Recordings from the rat,
cat, and monkey demonstrate that STN neurons encode movements, task-relevant stimuli,
and reward presentation [4–7]. In humans, deep brain stimulation of the STN improves
motor function in Parkinson’s disease patients, but has also been shown to cause mild to
moderate impairments of performance on cognitive tasks such as verbal fluency, attention,
and working memory [e.g., 2, 8–11] . Other reported side effects of STN stimulation include
depression and weight gain [2, 12]. Likewise, STN lesions or inactivation in rodents
reverses spontaneous striatal glutamate output [13] and improves motor dysfunction that is
caused by 6-hydroxydopamine-induced lesions of the dopamine inputs into striatum [14–
16]. However, despite improved locomotor function in this rodent model of Parkinsonism,
dopamine-depleted rats treated with lesions or inactivation of the STN also show alterations
in goal-directed behavior, such as premature responding in tasks that require the animals to
withhold responding or attend to a delay prior to the initiation of a response [14–17].

That manipulations of the STN affect mood, motivation, and/or reward processes is
consistent with its anatomical connections with the limbic components of basal ganglia
circuitry. The STN has been traditionally viewed as an important node within the “indirect”
motor pathway of the basal ganglia (which regulate motor and limbic function), and its
firing properties and functional output is influenced by mesolimbic dopamine afferents [18–
20]. Recent evidence suggests that the STN may also affect basal ganglia function via a
“hyperdirect” pathway, in which the STN receives input from frontal cortices and
subsequently projects to the functional output of the striatum, the globus pallidus [21, 22].
Thus, the STN influences neural processing across basal ganglia dopaminergic-ventral
striatum-pallidal circuits, all of which have been identified as critical regions for learning
about and directing behavior toward motivationally-relevant stimuli, such as natural rewards
or drugs of abuse [23–26].

Recent research has begun to examine the behavioral role that the STN plays in regulating
motivated behavior. Consistent with the effects of lesions in Parkisonian rat models, STN
lesion or inactivation in otherwise intact rats reduces response inhibition and increases
impulsive behavior in hungry animals trained to nose-poke or lever-press for food
reinforcement. Specifically, STN lesions have been argued to cause deficits in response
inhibition and attentional processing [27, 28], and may additionally affect the motivational
salience of food rewards and/or the cues that predict reward [8, 29–31]. Previous research
has demonstrated that lesions, pharmacological inhibition, or deep brain stimulation of the
rat STN increases the effort that food-deprived rats will expend to earn food reinforcement
[8, 29–31]. This pattern of data suggests that the STN may play an important role in
regulating the incentive salience of food rewards. Interestingly, similar treatments appear to
reduce the effort that rats will expend to self-administer cocaine [32, 33], suggesting that
STN manipulations may differentially regulate the salience of natural versus drug rewards.

Also consistent with a potential role for the STN in regulating incentive motivation for food
is the presence of μ-opioid receptors within the nucleus [34, 35], which have been
implicated in motivational processes within other brain regions. In the interconnected basal
ganglia pathways that the STN regulates, enhancement of both “wanting” of palatable foods
(as measured by food intake) and the “liking” of palatable solutions (as measured by
orofacial hedonic responses) result from the stimulation of local μ-opioid receptors.
Specifically, μ-receptor stimulation of the ventral tegmentum [36–38], nucleus accumbens
[39], and ventral pallidum [40] all increase feeding, and specific zones within the nucleus
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accumbens and ventral pallidum appear to modulate the “liking” of palatable solutions [40,
41]. To our knowledge, there have been no studies examining whether opioid receptors of
the STN might serve a similar function.

The purpose of the current experiments was two-fold. First, in most prior reports in which
rats were shown to have increased incentive motivation for food following STN lesions or
inhibition, the animals were tested in a food deprived state. This makes it difficult to
determine if the resulting behavioral patterns were due to a general increase of motivational
processes caused directly by STN manipulation (which should be evident even in ad libitum
fed animals), or were rather due to an effect of STN manipulation exaggerating the normal
increase in incentive processes when the animal is in a state of caloric need. Thus, these
experiments examined the effects of STN manipulations in non-deprived rats. The first aim
was to determine if appetitive or consummatory motivation toward palatable food was
enhanced by pharmacological inhibition of the STN in rats that were not food deprived.
Secondly, as μ-opioid receptors are heavily expressed in the STN, and are furthermore found
throughout ascending pathways that sense and regulate food intake, it was of interest to
determine whether μ-opioid receptors within the STN might regulate food intake and
appetitive motivation similar to that seen in other nodes of basal ganglia circuitry. Individual
groups of rats were given 2-hr daily exposure to a palatable sweetened fat diet (Experiments
1 & 2), were trained to lever press on a progressive ratio 2 (PR-2) schedule of reinforcement
for sugar reward (Experiment 3), or were trained on a differential reinforcement of low rate
of responding task (DRL-20 sec; Experiment 4). Once non-deprived rats stabilized their
consumption or performance of the operant task, they were tested following STN infusions
of the GABAA receptor agonist muscimol or with the μ-opioid receptor agonist DAMGO.

2. Materials and Methods
2.1. Subjects and Housing

Adult male Sprague-Dawley rats (approximately 300 g at experiment onset; Harlan,
Madison, WI) were acclimated to dual housing in a colony room maintained at ~21 °C with
a 12-hr light–dark cycle. Standard rat chow and water were available ad libitum except as
noted below during operant training. All procedures were conducted in accordance to NIH
animal care guidelines and approved by the Wake Forest University Animal Care and Use
Committee.

2.2. Surgery
Following approximately 1-wk acclimation to the housing environment (Experiments 1 and
2) or after the animals had completed operant training (Experiments 3 and 4), each rat was
anesthetized with a Ketamine-Xylazine cocktail (100 mg/kg-10mg/kg). Standard aseptic
procedures were used to implant 11.5 mm indwelling stainless steel guide cannulas (23
gauge) bilaterally above the STN (with the skull flat; A-P: −3.9 mm posterior to bregma, M-
L: ±2.5 mm, D-V: 7.1 mm below skull surface). Guide cannulas were affixed to the skull
with the use of screws and dental acrylic, and stylets were placed to prevent obstruction.
Rats recovered for at least 7 days prior to habituation to the feeding chambers (Experiments
1 & 2) or retraining in the operant chambers (Experiments 3 & 4).

2.3. Drugs
Muscimol (Tocris Biosciences) and [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO;
Sigma-Aldrich) were dissolved in sterile saline for these experiments. Stock solutions of 200
ng/microliter muscimol and 5 micrograms/microliter DAMGO were aliquoted and stored at
−20º C. On the day of testing, solutions were thawed and diluted in sterile saline to achieve
the final doses (see below).
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2.4. Histology
At the conclusion of each experiment, rats were deeply anesthetized with sodium
pentobarbital and perfused through the heart with a 0.9% buffered NaCl solution, followed
by 10.0% formalin. Brains were removed and allowed to sink in 10.0% sucrose formalin.
They were then frozen and sliced into 60-μm sections with a cryostat through the level of the
STN. Sections were stained with cresyl violet. The tips of the cannulas were confirmed by
light microscopy and charted with reference to a brain atlas [42]. Only animals whose
injectors were bilaterally placed within the STN were included in the behavioral analysis
and described below (see Figure 1).

2.5. Experiments 1 & 2: Examining the effects of STN inhibition or μ-opioid receptor
activation on the intake of a palatable sweetened fat diet

2.5.1. Apparatus—Food intake chambers were constructed from clear acrylic, with
internal dimensions of 42 cm wide, 30.5 cm deep and 33 cm tall. Infra-red (IR) eyebeams
were located along the wire floor at three locations (5 cm above the wire floor) to measure
ambulation; four additional IR beams were placed at a height of 16 cm above the floor to
index rearing behavior. IR beam interruption was continually recorded by Med-PC software
(Med Associates, St. Albans, VT) during each experimental session. A water bottle was
hung at one end of the chamber, and a food intake monitor (Med Associates, St. Albans,
VT) was placed at the opposite end. Food intake monitors consisted of a food hopper that
was suspended from a calibrated potentiometer which allowed for continuous monitoring of
the mass/weight of the food hopper during the experimental sessions. Each day, the food
hoppers were filled with a sweetened fat diet (278.3 g/kg vitamin free casein, 100.0 g/kg
sucrose, 4.2 g/kg DL-methionine, 441.2 g/kg shortening, 77.7 g/kg safflower oil, 26.3 g/kg
cellulose, 53.3 g/kg mineral mix, 15.2 g/kg vitamin mix and 3.8 g/kg choline chloride;
kilocaloric value of diet=6.2 kcal/g; Teklad Diets, Madison, WI, USA). Non-deprived rats
typically eat this diet when available, and its intake has been shown to be sensitive to
injections of opiate drugs into other regions of the basal ganglia [43, 44]. The computer
program recorded the mass/weight of the food hoppers at 10-sec intervals across each 2-hr
feeding session. A speaker maintained an ambient level of white noise at 65 dB in the
experimental room.

2.5.2. Feeding paradigm on a palatable fat/sucrose diet—Once recovered from
surgery, rats were given at least six days of habituation to the palatable diet for 2-hr sessions
in the feeding chambers. All sessions were conducted during the last half of the lights-on
period. On the final two days of habituation, rats received mock intracranial injections.
During the first mock infusion, injectors were lowered to the end of the guide cannula. The
second mock injection utilized injectors that were lowered 1.0 mm below the end of the
guides to the infusion site. No solutions were delivered on mock injection days.
Experimental treatments began 48 hrs after the last mock injection.

On experimental treatment days, intake of the sweetened fat diet and locomotor activity was
monitored for 2 hrs following the injection of vehicle or drug solutions into the STN.
Injection cannulas (30 gauge) were lowered bilaterally into the STN and 0.5 μl of solution
was delivered (at a rate of 0.32 μl per minute) by a Harvard Apparatus (Holliston, MA)
microinfusion pump. Injectors remained in place for one minute to allow for diffusion, and
rats were immediately placed in the feeding chambers. Dependent measures included the
total amount of palatable food eaten across the 2-hr period, the number of approaches to the
food intake monitor, ambulation within the chamber (assessed as the number of complete
crossings of the chamber from end to end), number of rears recorded, and total water intake
during each feeding session.
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Individual animals received all drug treatments across multiple experimental days, the order
of which was randomly determined for each rat. Rats in Experiment 1 (N = 7) received intra-
STN infusions of 0, 1, 3, and 5 ng of muscimol in 0.5 μl of saline; rats in Experiment 2 (N =
9) received intra-STN infusions of 0, 0.025, and 0.25 μg of DAMGO. Muscimol doses were
chosen based upon behaviorally effective doses from previous reports [28, 32]. Doses of
DAMGO were chosen to be comparable to doses previously shown to be effective at
increasing food intake when injected into other basal ganglia circuits [36, 37, 40, 45]. All
drug treatment days were separated by a minimum of two drug-free days, on which rats
received neither injections nor access to the sweetened fat diet. Although no overt stereotypy
was observed during or immediately following STN infusions, some rats showed a tendency
to gnaw on wood shavings when returned to their home cages following the food intake
sessions [46]. To prevent its ingestion, rats were housed on wire floors for the 24 hrs
following each drug treatment.

2.6. Experiment 3: Examining the effects of inhibition or μ-opioid receptor activation on
progressive ratio performance for sugar pellets in non-deprived rats

2.6.1. Apparatus—Rats (N = 6) were trained in commercially constructed operant
chambers (Med Associates, St. Albans, VT), enclosed in ventilated sound-attenuating
cubicles. Each chamber was equipped with two retractable levers, a house light, and a food
magazine into which 45-mg sugar pellets were dispensed. An IR sensor in the food
magazine measured nose-poke activity. The chambers interfaced with a computer that
recorded the time of each experimental event and controlled all reinforcement contingencies.

2.6.2. Progressive Ratio 2 paradigm—In this experiment, training preceded surgery.
Following one week of acclimation to the laboratory and daily handling, food availability
was restricted to allow for gradual reduction of body weight to 90% of free-feeding levels.
During the final two days of food restriction, rats were given 2 g of sugar (45-mg pellets;
BioServ, Frenchtown, NJ) with their daily chow to prevent neophobia during training.

Once the rats had achieved their target weights, they were habituated to the operant
chambers with three daily sessions of a random time-30 sec reinforcement schedule (one
pellet delivered on average every 30 sec, no levers present) for 30 min. On the subsequent
and following days, both levers (one active and one inactive) were inserted into the
chamber. Training proceeded for three sessions each on fixed-ratio 1, 3, and 5 schedules of
reinforcement, at which point all rats had achieved reliable responding on the lever. Rats
were then switched to a progressive ratio 2 (PR-2) schedule of reinforcement for seven
sessions. In this schedule, the rat was reinforced for the first lever press and was then
required to increase the number of responses by two lever presses for each subsequent pellet
delivery. Thus, progressively more effort was required to earn each reinforcer. The number
of responses required in the final completed ratio determined the break point, a well
validated measure reflecting the strength of the reinforcer and the motivational state of the
animal [47, 48]. At the end of 7 days with the PR-2 schedule, all rats had achieved high
levels of lever response. They were returned to ad-libitum feeding and underwent surgery to
implant guide cannulas above the STN.

One week following surgery, the non-food-deprived rats were returned to the chambers, and
the session length for the PR-2 schedule was increased to 1 hr. Once the rats had achieved
stable break points, they were habituated to the injection procedure (as described above).
Each rat subsequently received five intra-STN drug infusions. Rats were treated with intra-
STN injections of the saline vehicle, 3 ng muscimol, 5 ng muscimol, 0.025 μg DAMGO, or
0.25 μg DAMGO. During the first three days, half the rats received the vehicle or muscimol
infusions and half the rats received vehicle or DAMGO injections, in random order for each
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rat. During the fourth and fifth experimental sessions, each rat received both doses of the
remaining drug (DAMGO or muscimol) in a counterbalanced order. Following injections,
rats were immediately placed into the chambers for a 1-hr PR-2 session. Each drug treatment
was separated by at least 2 days of additional PR-2 training to stabilize baseline performance
and allow wash-out of the drug. Dependent measures were the total number of bar presses
on the active and inactive levers, nose pokes into the magazine, and the final completed
reinforcement ratio (break point).

2.7. Experiment 4: Examining the effects of inhibition or μ-opioid receptor activation on
DRL-20 sec performance for sugar pellets in non-deprived rats

A separate group of rats (N = 6) was housed, food restricted, and trained to lever press on an
FR1 schedule as in experiment 3. Following 3 days of training on the FR1 schedule of
reinforcement, rats were placed on a variable-interval (VI) 30 sec schedule of reinforcement.
Once stable responding was observed (requiring 11 days of training), the rats were switched
to a differential reinforcement of low rate responding (DRL-20 sec) schedule, in which rats
were reinforced for the first lever press, and then obtained subsequent sugar reinforcement
only if they withheld responding on the active lever for a full 20 seconds before pressing the
lever again. Any press of the active lever reset the 20-second clock for reinforcement;
presses on the inactive lever resulted in no programmed consequences. All training sessions
lasted 30 min.

Rats stabilized responding on the active lever after 13 days of training on the DRL-20
schedule. They were then returned to ad libitum access to food prior to surgical implantation
of guide cannulas above the STN. Following one week of surgical recovery, the non-
deprived rats were placed back into the chambers, and the DRL-20 sec sessions were
increased to 1 hr. Once stable responding on the DRL-20 sec schedule was achieved, rats
underwent injections of muscimol and DAMGO, at the same doses and in the same manner
as in Experiment 3. Dependent measures included the total number of presses on the active
and inactive levers, the number of reinforcements earned, time between lever presses (as
assessed by an inter-response time histogram), and the total number of nose pokes into the
magazine.

3. Results
3.1 Experiments 1 & 2: Examining the effects of STN inhibition or μ-opioid receptor
activation on the intake of a palatable sweetened fat diet

3.1.1. Experiment 1—Food intake was analyzed utilizing two-way repeated measures
analysis of variance (ANOVA) comparing the amount of palatable diet consumed (in grams)
as a function of drug dose and time within each 2 hr session (with intake quantified at 5 min
intervals). Total ambulation, rearing, water intake, and head entry measures were summed
across the entire feeding session and analyzed using repeated measures ANOVAs with drug
dose as the independent variable.

As can be seen in the top panels of Figure 2, inhibiting the STN with increasing doses of
muscimol did not alter palatable food intake across the 2-hr feeding session. Although there
was an expected effect of time on feeding [F(23,138) = 23.9, p < .001], there was no effect
of drug treatment [F(3, 18) =0.40, p = .76], nor was there a significant drug X time
interaction effect [F(69,414) = 0.75, p =.93], on the amount of palatable diet consumed.
Water consumption also did not vary across drug treatment, F(3,18) = 0.76, p = .53.

However, STN inhibition significantly impacted ambulatory behavior within the feeding
chamber [F(3, 18) = 3.69, p = .03]. Tukey’s HSD post-hoc analysis revealed that the 5 ng/
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side dose of muscimol significantly increased ambulation compared to the vehicle injection.
There was also a trend toward increased approaches to the food monitor with the 3 and 5 ng
doses of the drug [F(3, 18) = 2.88, p = .064]. In contrast, rearing behavior was not
significantly affected by drug treatment, F(3, 18) = 0.75, p = .54.

3.1.2. Experiment 2—Activation of μ-opioid receptors within the STN elicited a
significant drug X time interaction effect across the 2-hr feeding session [F(46, 368) = 2.15,
p < .001], although the main effect of drug was not significant [F(2, 16) = 0.778, p = .476].
As can be seen in the lower panels of Figure 2, the 0.25 μg dose of DAMGO increased
feeding on the palatable diet, although consumption does not differ from the vehicle or
0.025 μg doses until well into the second hour of testing. Mu-opioid receptor stimulation of
the STN had no effect upon water intake or the number of head entries into the food monitor
(both p’s > .10), but tended to increase ambulation [F(2,16) = 2.82, p = .089] and inhibit
rearing behavior [F(2,16) = 3.27, p = .064].

Two rats from Experiment 2 were excluded from analysis due to bilateral misplacement of
the injectors. As shown in Figure 1 (the X’s represent the injection site for these two
animals), one rat had its injections placed anterior to the STN (internal capsule; Rat 1), while
another rat’s infusions were immediately dorsal to the STN (zona incertia: Rat 2). Unlike
animals with STN injections, neither rat showed evidence of increased feeding following
DAMGO injections (Total intake Rat 1: Veh, 9.9 g; 0.025 DAMGO: 6.5 g; 0.25 DAMGO:
6.7 g; Total intake Rat 2: Veh 4.2; 0.025 DAMGO: 4.9 g; 0.25 DAMGO: 1.3 g). These data
provide evidence that the pro-feeding effects of the injections were not due to diffusion of
the drug outside of the STN, and are consistent with prior examinations of STN function
with similar drug volumes [28].

3.2. Experiment 3: Examining the effects of inhibition or μ-opioid receptor activation on
progressive ratio performance for sugar pellets in non-deprived rats

Separate repeated measures ANOVAs were conducted comparing each of the dependent
measures following either muscimol or DAMGO injections. As can be seen in the left panels
of Figure 3, neither inhibition [F(2, 10) = 0.43, p = .66] nor μ-opioid receptor stimulation
[F(2,10) = 1.06, p = .38] of the STN altered the effort that sated rats exerted to earn sugar
reinforcement within the PR-2 paradigm. The drug treatments also had no effect upon the
total number of presses on the active or inactive levers, the number of nose pokes into the
chamber, or the number of reinforcers earned (all p’s > .10; see Figure 3 for summary of
total active lever presses; other data not shown).

3.4. Examining the effects of inhibition or μ-opioid receptor activation on DRL-20 sec
performance for sugar pellets in non-deprived rats

Prior to examining the effects of either STN inhibition with muscimol or μ-opioid receptor
activation on the number of reinforcers earned during the DRL-20 sec schedule, a repeated
measures ANOVA was run across all five drug treatment conditions to determine if there
were any differences in the number of lever presses elicited following drug treatment during
the 1-hr session. There were no significant differences on total lever presses across drugs
(muscimol and DAMGO) and drug doses, either for the active lever [F(4, 20) = 0.34, p = .
29; see top left panel, Figure 4] or for the inactive lever [F(4, 20) = 1.52, p = .23; data not
shown, average number of inactive lever presses/session = 3.4 ± 0.73 St Err].

As shown in Figure 4, inactivation of the STN with muscimol also had no effect upon the
number of reinforcers earned in the DRL-20 sec schedule, F(2, 10) = 1.05, p = .39. Inter-
response time (IRT) histograms were developed to examine the probability structure of the
responses of the animals. As can be seen in the IRT histogram for the muscimol injections,
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neither 3 nor 5 ng of muscimol affected the temporal patterns of responding when injected
into the STN. Approaches to the food hopper, as assessed by nose pokes into the hopper
unit, were unaffected by STN inhibition, F(2, 10) = 0.65, p > .55 (data not shown).

In contrast, stimulation of μ-opioid receptors caused a significant decrease in the number of
reinforcers earned during the 1-hr DRL-20 sec session, F(2, 10) = 8.93, p = .006. Post-hoc
testing with Tukey’s HSD confirmed that the 0.25 μg dose of DAMGO significantly
impaired the rats’ ability to earn reinforcement compared to vehicle injections. As can be
seen in the IRT histograms (Figure 4), DAMGO consistently impaired the animals’ ability to
wait the 20 seconds required to earn a reinforcer, as evidenced by a shift of the response
curve to the left after receiving the 0.25 μg dose. Nose pokes into the food hopper were
unaffected by DAMGO treatment, F(2, 10) = 0.65, p > .55 (data not shown).

4. Discussion
The goal of these experiments was to examine the effects of STN inactivation or μ-opioid
receptor stimulation upon palatable feeding, progressive ratio performance, and impulsive-
like behavior as measured in the DRL-20 sec schedule of reinforcement in rats that were not
food restricted. Although muscimol injections into the STN increased locomotor activity at
the highest dose tested, there were no effects of STN inhibition on the amount of palatable
diet consumed in a 2-hr feeding session, the amount of effort that sated rats expended to earn
sugar reinforcement in a PR-2 paradigm, or the number of reinforcers earned within a
DRL-20 sec schedule of reinforcement. In contrast, stimulation of μ-opioid receptors within
the STN increased intake of the sweetened fat diet in the second hour of the feeding session,
but decreased successful performance of the DRL-20 sec schedule of reinforcement. Mu-
opioid receptor stimulation of the STN had no effect upon progressive ratio performance.
These novel data extend prior research by demonstrating STN μ-opioid receptor
involvement in promoting consummatory behavior and influencing appropriate goal-
directed responding.

4.1. STN inhibition and incentive motivation
That STN inhibition with muscimol did not affect consummatory behavior on the sweetened
fat diet is consistent with a prior report by Baunez et al. [8] in which lesions of the same
region did not alter the intake of rat chow or sugar in food restricted or sated rats in 2 or 24
hr feeding tests. The current data suggest that STN inhibition does not directly impact the
consummatory phase of food-directed motivation, even when food consumption is driven by
the availability of a palatable food source rather than hunger. Several laboratories have
suggested that STN lesions, inhibition, or DBS may increase incentive motivation during
appetitive phases of food-motivated behavior. Specifically, Baunez and colleagues [8, 32,
33] have shown that lesions or DBS of the STN enhance the effort that food-restricted rats
exhibit in a progressive ratio task. Additionally, reports by Uslaner and Robinson [30, 31]
and Bezzina and colleagues [29, 49] have similarly argued that STN lesions enhance
incentive salience. However, in the present experiments, STN inhibition with muscimol did
not affect appetitive motivation in sated animals as assessed by the effort that rats exerted
within a progressive ratio task, nor did it alter the number of reinforcers earned by rats
within a DRL-20 sec schedule. It is possible that we failed to observe evidence for increased
incentive motivation following STN inactivation due to differences in the task parameters of
progressive ratio and DRL schedules of reinforcement across laboratories. For instance,
Baunez and colleagues used a variant of a progressive ratio 5 procedure, rather than the
PR-2 schedule used here. However, it is also plausible that STN lesions or inhibition do not
increase rats’ motivation for food per se, but instead may exaggerate the motivational value
of food incentives in response to a state of energy need (as when they are food restricted).
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Additional evidence for this hypothesis can be found in the literature. Uslaner and Robinson
[31] trained STN-lesioned rats on a DRL-30 sec paradigm, and tested them during both
sated and food restricted conditions. Although STN lesions did alter lever pressing patterns
(by increasing burst responding and decreasing the number of presses during the peak of the
IRT curve; a similar trend can be seen for the 5 ng muscimol IRT curve for the present
experiment), lesioned rats did not earn fewer reinforcers than sham-lesioned controls when
the rats were not food-deprived. However, following food restriction the STN-lesioned rats
increased their total number of lever-presses compared to control rats, shortened their IRTs,
and earned fewer reinforcers within the session [31]. The same authors reported that sign-
tracking to a stimulus paired with food delivery, a purported measure of incentive salience,
was enhanced by STN lesions in rats that were chronically food-restricted [30]. In another
study that examined behavioral performance in both food-deprived and sated conditions,
STN-lesioned rats tested with a five-choice serial reaction time task reduced their premature
responding and perseverative panel pushes when they were fed ad libitum versus when they
were food restricted [27]; these measures were unchanged for sham-lesioned animals across
feeding conditions. Thus, the effects of STN lesions or inhibition on food-directed incentive
motivation may be dependent upon the physiological state of the animal.

Similar to other regions of the basal ganglia that are involved in motivation, the STN
receives direct input from both orexin-containing neurons of the lateral hypothalamus
(Peyron et al., 1998) and from central thalamic regions that are heavily innervated by
hypothalamic projections [50–52]. The STN is therefore well-positioned to regulate the
function of downstream motivational circuits based upon hypothalamic inputs signaling
current metabolic state. Furthermore, recent evidence suggests that the STN and the
prefrontal cortex are part of a network that coordinates similar aspects of inhibitory control
[see 53, 54]). The absence of STN processing in food-restricted rats may therefore prevent
normal prefrontal-STN inhibitory control of behavior. This may be of particular relevance
when hunger already serves to enhance the incentive value of food-associated cues and
behavioral task requirements necessitate response inhibition for a successful outcome (as in
DRL tasks). In the absence of food restriction, temporary STN inhibition may not itself
enhance appetitive motivation for food.

4.2. Effects of μ-opioid receptor stimulation of the STN
Although STN inhibition with muscimol did not change consummatory or appetitive
behavior directed toward food in non-deprived rats, stimulation of μ-opioid receptors within
the nucleus did affect food-motivated behavior. Within the feeding chambers, rats increased
their consumption of a palatable sweetened fat diet following the 0.25 μg dose of DAMGO.
This is the first demonstration of a behavioral effect of μ-opioid receptor stimulation of the
STN on food intake, and is consistent with prior reports that used similar local treatments
within other brain regions that are involved in sensing food and directing behavior toward
food. For instance, feeding is affected by μ-opioid receptor stimulation within the nucleus of
the solitary tract and the parabrachial nucleus of the pons (which process sensory
characteristics of food; [55, 56]), various nuclei of the hypothalamus (which regulate food
intake based upon energy need; [57]), and mesolimbic pathways involved in reward
processes such as the ventral tegmentum, broad regions of the striatum (including the
nucleus accumbens), and the ventral pallidum [36–40]. The increase in consummatory
behavior following μ-opioid receptor stimulation of the STN was not observed until the
second hour of the food intake session. This pattern is similar to the delayed enhancement of
rat chow intake following μ-opioid stimulation of brain stem regions [55, 56], and is also
reminiscent of early reports examining the effects of morphine or DAMGO injections into
the nucleus accumbens [39].
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However, the overall pattern of behavioral effects following μ-opioid receptor stimulation of
the STN is not identical to that observed following DAMGO administration in other basal
ganglia regions that the STN regulates. For instance, μ-opioid receptor activation of the
nucleus accumbens at the doses used here significantly enhances palatable food intake
within a very short time frame (effects are observable by 30 minutes into the session; [43,
44]). Additionally, nucleus accumbens DAMGO infusions increase break point on a
progressive ratio task similar to the one used here [58]. In contrast, DAMGO-elicited intake
of the sweetened fat diet was enhanced only after a delay in these experiments, and we
found no effect of μ-opioid receptor activation of the STN on PR-2 performance at
equivalent drug doses. STN μ-receptor stimulation also reduced the number of reinforcers
that rats earned on the DRL-20 sec schedule of reinforcement by decreasing the inter-
response interval between each lever press. That response times were shortened argues
against the possibility that the rats were inhibited in their locomotion following DAMGO
treatment, particularly as the total number of lever presses across the 1 hr session was
unchanged across drug and vehicle conditions. Although prior reports have shown that the
STN and ventral striatal circuits regulate DRL performance, including reductions of DRL
performance following excitotoxic lesions or 5-HT depletion of the nucleus accumbens core
[31, 59–62], this is the first demonstration of an effect caused by opioid receptor activation
within basal ganglia pathways on this task. Whether μ-opioid receptor stimulation of the
STN impaired DRL performance by increasing impulsivity, impairing response inhibition,
or by affecting temporal discrimination awaits further examination with a broader variety of
behavioral tests. Regardless, the current data suggest that μ-opioid receptors within the STN
serves a complementary but unique role with other basal ganglia circuits in the regulation of
food-seeking and the prolonging of consummatory behavior in the presence of palatable
foods.

4.3 Concluding remarks
Treatment of Parkinson’s disease with STN deep brain stimulation improves motor
performance, but causes side effects including weight gain, cognitive impairments, and
changes in mood [2, 8–12]. Investigation into the behavioral role of the STN in animal
models is relatively recent, and has yet to lead to a comprehensive account of its functional
role in cognitive and motivational function. The current experiments suggest that STN
inhibition does not impact appetitive or consummatory aspects of motivation for food in
non-deprived animals, at least as tested by the free consumption of a palatable diet and
within the progressive ratio and DRL schedules examined here. However, that the STN
serves an important function in motivated behavior was confirmed, as stimulation of μ-
opioid receptors increased palatable feeding and reduced performance on the DRL-20 task.
Paired with prior research, these experiments suggest that the behavioral role of the STN
may depend upon the metabolic state of the animal (food deprived vs. fed ad libitum) and
provide the first evidence demonstrating a role of opioid receptors of the STN in motivated
behavior.
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The subthalamic nucleus (STN) regulates movement, cognition, and motivation.

We tested STN inhibition or μ-opioid stimulation on food motivation in free-fed rats.

STN inhibition didn’t affect palatable feeding, progressive ratio, or DRL responding.

STN μ-opioid receptor stimulation increased food intake and impaired DRL
performance.
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Figure 1.
Location of injector tips for animals included in the behavioral analysis for each experiment.
For Experiment 2, “X”s represent the locations of two animals that were excluded from
analysis due to bilateral misplacement of the injections (see text). Schematic drawings were
adapted from Figures 28, 34, & 35 of The Rat Brain in Sterotaxic Coordinates, 4th ed., G.
Paxinos and C. Watson, copyright 1998 [42].
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Figure 2.
Food intake and locomotion following STN inhibition with the GABAA agonist muscimol
(Experiment 1, top panels) or μ-opioid receptor stimulation of the STN with DAMGO
(Experiment 2, bottom panels). Cumulative intake of the sweetened fat diet is shown at 5-
min intervals across the 2 hr sessions; individual lines represent food intake for all animals
under the specified dose of each drug. Although STN injection of 5 ng muscimol
significantly increased ambulation as measured by the number of crossings within the food
intake chamber, there was no effect of STN inhibition on food or water intake across the
sessions. In contrast, the intake of a sweetened fat diet was significantly increased in the
second hour of the feeding session following STN μ-opioid receptor stimulation. The double
cross demarks a significance of p < .01 for at the drug X time interaction effect; * denotes p
< .05 for drug effects on ambulation; D indicates difference from vehicle injection as
determined by Tukey’s HSD.
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Figure 3.
Progressive ratio 2 performance following injections of muscimol or DAMGO into the STN.
Neither inhibition nor μ-opioid receptor stimulation affected the break point or the total
number of active lever presses on a PR-2 schedule of reinforcement (all p-values > .05).
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Figure 4.
Rat performance on a DRL-20 sec schedule of reinforcement following inhibition of the
STN or the stimulation of its μ-opioid receptors. Total lever presses, reinforcers earned, and
inter-response time (IRT) curves are presented for all conditions. IRT curves represent the
rats’ ability to inhibit responses for the 20 sec interval. The curves show the proportion of
inter-response times within 2 sec bins up to 40 sec for each drug condition; subsequent bins
represent the % responses between the time points shown on the x-axis. The vertical line at
20 sec indicates the delay requirement between lever presses that was required to earn sugar
reinforcement. Neither muscimol nor DAMGO injections changed the total number of lever
presses during the 1-hr sessions (top panel). STN inhibition did not alter the number of
reinforcers earned during the task, nor fundamentally affect the inter-response times of the
animals. In contrast, μ-opioid receptor stimulation of the STN reduced the number of
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reinforcers earned, and shifted the IRT response curve to the left across increasing doses
(bottom panels). ** indicates p < .01 for the effect of DAMGO on reinforcers earned; D
indicates a significant difference from vehicle injection as determined by Tukey’s HSD. A
photomicrograph of a representative cannula placement is shown in the top right panel. The
injector tip is demarked by a “*”, and is located at the dorsal border of the STN. The scale
bar to the left of the 3rd ventricle represents 500 micrometers.
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